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ABSTRACT 

A fully instrumented facility being developed for the 
high power testing of pulsed-power and other devices 
is described. A bank of lead-acid batteries provides 
the facility with a power source having a maximum dis
charge capacity of 1.8 x 109 joules; the batteries can 
be switched into various series-parallel configurations 
to realize voltage-current combinations up to 10 kV at 
250 A. The battery bank output terminals can be turned 
on and off at the test bench with a vacuum arc switch 
if desired. A high vacuum pumping station is built 
into the test bench for those devices requiring evac
uation. An inverter using vacuum arc switches is 
being developed to convert the power to a sinusoidal 
AC source having a suitable frequency of up to 10 kHz. 
The battery bank operation is monitored and controlled 
either manually or by a microprocessor-based instrum
entation system. The instrumentation system auto
mates the battery charging cycle and shuts off the 
system whenever hazardous conditions develop in the 
facility during either the charge or the discharge 
cycle. Among the applications being investigated 
for the facility are the pulse and duration testing 
of vacuum arc switches and the development of a high
power inverter. 

INTRODUCTION 

A high power inv1r2e3 circuit employing vacuum arc 
switches (VAS's) ' ' as the active devices is 
under development at the State University of New 
York at Buffalo (SUNYAB). This effort has pro
gressed to the point that an unusually high-power 
de source is now required to feed the inverter 
for advanced testing. Initially, this power 
source must be able to furnish 2.5 ~egawatts of 
power for two minutes, necessitating a usable 300 
.agajoule storage capacity. 

A feasibility study1 has shown that a facility 
capable of supplying the required de power can be 
economically based on a system of interconnected 
lead-acid batteries. Such a system became even 
more practical when 91 dry-charged mine propul
sion batteries were acquired by srmv•B from Fed
eral excess property listings. Each of these 
batteries produces 103.5 volts and approximately 
50 ampere-hours, and the basis for the high
power de test facility was at hand. 

The following paragraphs contain discussions of 
the design and construction of this test facil
ity, including safety and control precautions. 
The current state of development of the facility 
ia given, and applications other than the test
ing of the VAS inverter circuits are listed. 

BASIC QESCRIPTIQ! or IRE HIGa-PQWER oc TEST 
fACILil! 

Picure 1 shows a functional block diagraa of 

the high power test system. Its overall opera
tion will be described in this section, and a 
more detailed discussion of the contents and 
operation of each block will appear in succeed
ing sections. 

Cc - Control signals 

CF - Exhaust fan control signals 

Cv0 - Charging voltage control signal 

~2 - Information on hydrogen concentration 

DM - !nformation on operating mode in use 

H2 - Hydrogen from batteries 

Pc - Battery charging power 

Pc' - Regulated battery charging power 

Pi - Input power (230 V, 188 A, 60 Hz, 3-phas~ 

Po - Battery output power 

TB - Battery temperature 

Vc1 - Voltage of the i-th cell 

Vc0 - Transduced data signals 

FIG. 1. THE SUNYAB/AFAPL*HIGH-POWER DC TEST SYSTEM 

The Battery Bank Subsystem in its final form is 
to be composed of 96 of the mine propulsion bat
teries mentioned in the Introduction; this 
assemblage is capable of producing a total of 
2.5 megawatts for at least two minutes, which 
supplies the 300 megajoules required. These 
batteries are interconnected in various config
urations by the Mode Control Subsystem to pro-
duce either of the two basic modes, charging 
the batteries or discharging them. 

In the charging mode, the Mode Control Subsys
tea connects all 96 of the batteries in para
llel and connects them, each through its own 
individual charge current regulator circuit, 

* This project is sponsored by the Air Force 
Aero Propulsion Laboratory, Wright-Patterson 
Air Force Base, Ohio. 
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to the Power Supply Subayatem. In the diacharge 
.ode, the batteriea are awitched into any one of 
five aeriea-parallel configurations to provide 
the deaired voltage-current combination for test
in& so.e device at the Teat Bench Subsystem. 

During both basic .odes the voltage of each cell 
and the temperature of each battery are monitored 
by the System Controller Subsystem through the 
Battery Charge Control and Monitoring Subsystem. 
When the batteries are charging, the System Con
troller Subsystem selects the optimum charge rate 
for each battery and continuously searches for 
abnormal temperature and voltage conditions which 
would indicate a deteriorating battery or cell. 
Any abnormalities are recorded on a printer and 
are then cheeked out manually. As each battery 
reaches full charge, the System Controller Sub
system disconnects it from the charging circuit, 
and when all batteries have been charged the Sys
tem Controller Subsystem turns off the Power Sup
ply Subsystem. 

When the batteries are discharging, the purpose of 
the voltage and temperature monitoring becomes 
precautionary; if a failure begins to occur, as 
indicated by an abnormal cell voltage or battery 
temperature, the diacharge is interrupted until 
the problem can be eliminated. During both the 
charge and discharge cycles, the Environment Mon
itoring and Controlling Subsystem provides a means 
of monitoring the concentration of hydrogen in 
the room containing the batteries. This room is 
continuously exhausted by fans during charging or 
discharging, but if the hydrogen concentration 
approaches explosive levels, the System Controller 
Subsystem interrupts the cycle until the concen
tration is brought to a safe level.* 

The Test Bench Subsystem is designed for flexibility 
so as to meet the needs of most devices that might be 
tested. A high vacuum pumping station is provided, aa 
is most electronic test equipment that might be needed. 
A vacuum are switch provides the device being tested 
with either pulsed or continuous power as might be 
needed, and a variable frequency inverter circuit pro
vides for the testing of high power ac devices. A vol
tage doubler circuit provides a higher voltage, low 
current source when required. 

A lower power, capacitive discharge pulse system 
is also available for alternate low power pulse 
testing. 

Thus a highly automated test facility is under de
velopment. A more detailed description of each 
subsystem now follows. 

I!!E I!.AT'l'ERY BA.'I'K SUBSYSTEM 

Figure 2 shows one of the lead-acid batteries as 
it was received. This battery consists of 48 dry
charged cells which, when filled with electrolvte 
having a specific gravity of 1.315 (required bt 
the aanufacturer), should yield an o~en-circuit 
voltage of approximately 103.5 volts •5• Tests 
performed indicate agreement to within one per 
cent of this value for each of 12 batteries. 

Each of the batteries is modified as shown in 
Figure 3 to permit the voltage of each cell to 
be -.asured at a location reaote to the battery. 
This .edification also permits the batteries to 

* Vinal
4 

aaya a 4 percent aixture of hydrogen 
in the air is dangerous, and that the mixture 
should not be peraitted to exceed 2 percant. 

FIG. 2. MINE PROPULSION BATTERY 

FIG. 3. THE MODIFIED MINE PROPULSION BATTERY 

be hung in specially constructed racks as shown 
in Figure 4. 

In order to be able to determine the character
istics of any device being tested, the character
istics of the entire power-delivering system must 
be known. To cha5acterize each battery, the model 
shown in Figure 5 was chosen. Initial tests have 
yielded the parameter values indicated. 

FIG. 4. MINE PltOPULSIOH MTT!.R.U:S ~UNTI:D IN UC 
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·--------------------------

Ea - 103.5 v 

R1 - 0.04 mfl 

c1 - 25 600 F 

R2 0.04 mG 

C2 25 600 F 

RT - 0.22!'1 

LT - 0.42 11H 

FIG. S. A MODEL FOR THE MINE PROPULSION BATTERY 

THE K:lDE CONTROL SUBSYSTEM 

Aa indicated in the section concerning the basic 
description of the test facility, the principal 
functions of the Mode Control Subsystem are to 
connect the batteries (1) to the Power Supply 
Subsystem so that the batteries can be charged 
or (2) in such a configuration that the desired 
voltage-current combination can be supplied to 
the test bench. Thus the Mode Control Subsystem 
is primarily a system of switches and intercon
nected cables which will connect the desired con
figuration. 

The diagram in Figure 6 shows the switching com
binations that are available. In the 96 X 100 
mode the batteries are all connected in parallel 
for charging. The charging cycle is explained 
in a later section. 
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FIG. 6. BATTERY SWITCHING MODES 

All batteries are connected in series in the 9600 
.ode; assuming each battery has a condu~ting ter
.tnal voltage of 100 volts, this mode produces 
9600 volts and a normalized current factor (CF*) 
of 1. The 4800 1110de is achieved by connecting two 
aerie• strings of 48 batteries in parallel, pro
viding 4800 volts and a CF of 2 at the test bench. 

* The CF is the maximum cu~rent available at the test 
bench divided by the !lltlxtmum ~urr .. flt IIVAilable 
fro• one battery. 

The 2400, 1200 and 600 modes are explained in a 
siailar manner. 

A further inspection of Figure 6 shows that the basic 
voltage element (BVE) during discharge is an assem
blage of six batteries connected in series, yielding 
a nominal 600 volts. All discharge modes can be 
realized by combining EVE's in series and/or para
llel. Therefore, the intraconnections for all 16 
BVE's are the same and are shown in Figure 7; Fig
ure 8 shows the prototype series-connecting switches 
for a BVE. The series regulators shown dis~onnected 
<n Figure 7 are part of the Battery Control and Mon
itoring Subsystem and their control is explained in 
the section describing that subsystem. 

FIG. 7. THE 60Q-VOLT BASIC VOLTAGE ELEMENT (liVE) 

FIG. 8. SERIES-CONNECTED SWITCHES FOR A !V! 
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THE PQWER SypPLY SlJ!!SYSIEM 

Inforaation supplied by the manufacturer about the 
batteries indicates that the cells should never be 
discharged below a 1.67 volt level, or 80 volts at 
the terminals. The manufacturer further recommends 
a charging rate of 2 amps for terminal voltages be
low 108 volts, and a finishing rate of 1 amp above 
108 volts until the battery is fully charged, which 
yields a final terainal voltage on charge of nearly 
140 volts. 

Ass~ing that the aanufacturer's recommended discharg
ing para.eters are followed such that the batteries are 
never discharged below 80 volts, the Power Supply Sub
system must be able to furnish a maximum charging cur
rent of 192 amps (at 2 amps per battery) over a Battery 
Bank Subsystem terminal voltage range from 80 to 108 
volts and a maximum charging current of 96 amps (at 1 
amp per battery) over a voltage range from 108 volts 
to 140 val ts. 

The power supply shown in Figure 9 satisfies these re
quirements. It is an extreme duty welding power supply 

FIG. 9. THE POWER SUPPLY SUBSYSTEM 

whose operating parameters are shown in Figure 10. Once 
the charge cycle has been initiated, the power supply 
is controlled by the System Controller Subsystem, in
cluding automatic shutoff at the end of the charge 
cycle. 

THE SYSTEM COSTROLLER SUBSYSTEM 

The essential system controller is a microccmputer
6 

consisting of read-write memory used for temporary 
data storage and program development. Programmable 
read only memory is used for the permanent storage of 
programs which have been developed and tested. A 
aine propulsion battery, under constant charge, sup
plies power to the Systea Controller Subsystem. 

The •icrocoaputer's serial and parallel input-output 
ports provide communications channels with the rest of 
the Svst~ Controller Subsystem as well as with the 
l ... ther- t~ubsV"ste-lLo;. in the facility. 

200 1100 600 llO 

DC AM"EttU 

~ 

II' ~ i 
~ 

~ § 

PER CE~T OUT'r CYClE' 

FIG. 10. POWER SUPPLY SUBSYSTEM OPERATING 
CHARACTERISTICS 

~ 

~ ... ~ 

; 

~ . 
~ ~ 

Figure 11 shows the connections to the microcomputer 
The keyboard and video display provide the primary ~ 
machine interface for program development and system 
inquiry. The printer provides hard copy of programs 
and is used by the microcomputer for data logging. ~ 
cassette tape unit provides mass storage during pro
gram development and stores data for processing at a 

!Uo•·~·• .......... : .... ........ .-:'\. ·~ 
"":""'.',·.~;.£~ .. 

FIG. 11. THE SYST~~ CONTROLLER SUBSYSTEM 

later time. The modem provides a low speed data lin 
via telephone lines to a computing center where com
plex processing of data takes place. The link to th 
Environment Monitoring and Controlling Subsystem is 
for monitoring the hydrogen concentration in the roo 
containing the Battery Bank Subsystem and for turnin 
the exhaust fans on or off as required. The connect 
ion to the Battery Charging Control and Monitoring 
Sub•ystem represents the many high speed data channe 
u•ed to send control information to and receive dat• 
free the Battery Bank Subsystem. This link is de•
crihed in more detail in the following section. The 
Power Supply Subsystem connection permits automatic 
control of the power supply during the charge cycle. 
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The System Controller Subsystem thus provides for the 
automatic control of the facility, freeing otherwise 
attending personnel for more constructive roles. This 
approach is not without flexibility, however, as chan
ges in the controlling algorithm are easily made by 
making appropriate changes to the program stored in 
the microcomputer's memory. 

BAmRY CHARQING CONTROL AND 
MONITORING SUBSYSTEM 

The Battery Charging Control and Monitoring Sub
system provides a means ofll) collecting data from 
each battery concerning its temperature and the vol
tage of each of its cells and passing that data to 
the System Controller Subsystem, and ~) distributing 
the charging commands to the appropriate series regu
lator to meet the individual charging demands of each 
battery. 

At the highest level of control in this subsystem is 
the Battery Bank Communications Unit. This unit, for 
which the block diagram is shown in Figure 12 is the 
interface between the microcomputer in the System Con
troller Subsystem and each of the Basic Voltage Ele
ment (BVE) Communications Units. The Battery Bank 
Communications Unit converts parallel data from the 
microcomputer to serial data and sends this data over 
16 duplex data channels to the 16 BVE Comm~nications 
Units. This process is reversed for serial data being 
sent from the BVE Communications Units to the micro
computer. Each of the 16 duplex data channels con-

a.UUII'f JIG 1 
ICiellfOIIUI<i oUirl 
cc:-r.-ot.\lltt 

u.m•v..a.2 
IQIIITOIIIM MID 
CCIITIOL\l~IT 

umrrii!C 3 
... ITOIIIIICiMD 

COfiiTitOI.IMIT 

IAlftttYIIIO 'I 
li!IMITOIIIII'GlNI) 

COfiiJ-'JX, IMJT 

IATTtlffiiO 5 
-IT0111!114.U.O 

COIII'fiiOl.I.IIIT 

a.nu'f., 6 
JIQIITOIItM..,_D 

COIII'riiOI..IMIT 

FIG. 12. THE BATTERY BANK COMMUNICATIONS UNIT 
BLOCK DIAGRAM 

sists of two fiber optic cables, permitting full bi
directional serial data transmission and electrically 
isolating the microcomputer from the high de voltages 
in the Battery Bank Subsystem. 

The BVE Communications Unit, shown in block diagram 
form in Figure 13, distributes battery charge rate 
commands during the battery charging cycle and sensor 
addresses from the microcomputer to the Battery Moni
toring and Control Unit located with the series regu
lator circuit at each of the six batteries in the BVE. 
The BVE Communications Unit also collects multiplexed 
analog sensor voltages form each battery, converts 
these voltages to digital form, and transmits the re
sulting digital signals to the Battery Bank Communica
tions Unit. These functions are all controlled by 
commands from the microcomputer. 

The Battery Monitoring and Control Unit is at the low
est level in the control hierarchy. This unit direct
ly interfaces the battery to the BVE Communications 
Unit, as shown in Figure 14. The lowest level control 
functions include setting the battery charge rate to 
selected values and sampling and analog multiplexing 
all cell voltages and temperature sensor output vol
tages down to one line going to the BVE Communications 
Unit. The level shift circuitry and isolators are 
basically optical isolators, and the circuits of this 
unit are powered by the battery they control. 

FIG. 13. THE BASIC VOLTAGE ELEMENT COMMUNICATIONS 
UNIT BLOCK DIAGRAM 

FIG. 14. THE BATTERY MONITORING AND CONTROL UNIT 
BLOCK DIAGRAM 

The Battery Charging Control and Monitoring Subsystem 
is thus the key element in interfac~ng the controlling 
microcomputer with the battery bank. 

THE ENVIRONMENT MQNITORING AND 
CONTROLLING SUBSYSTEM 

The Environment Monitoring and Controlling Subsystem 
consists of a hydrogen detector and two sparkless 1000 
CFM exhaust fans. Figure 15 shows their connection 

FIG. 15. THE ENVIRONMENT MONITORING AND CONTRULL!NG 
SUBSYSTEM BLOCK DIAGRAM 
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with the microcomputer, which gathers hydrogen con
centration data from the hydrogen detector. If the 
facility is in either the charge or discharge cycle 
the microcomputer turns on one fan. If the hydrogen 
concentration reaches one percent the microcomputer 
turns on the second fan, which is turned off when the 
concentration drops below 0.9 percent. However, 
should the concentration reach 1.9 percent the micro
computer interrupts the facility cycle until the con
centration drops below 1.4 percent.4 

IATT£1Y 
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FIG. 16. THE TEST BENCH SUBSYSTEM BLOCK DIAGRAM 

THE TEST BENCH SUBSYSTEM 

Figure 16 depicts the Test Bench Subsystem. Power is 
fed to the Test Bench Subsystem from the Battery Bank 
Subsystem via the Mode Control Subsystem. Power at 
the test bench is delivered either through a capacitor 
bank, through vacuum arc switch or through a variable 
frequency inverter, the choice depending on the power 
waveform desired. The capacitor bank can be used 
either as a storage device, in conjunction with the 
battery bank, to provide voltage doubling capability 
or as a capacitive discharge pulsing system. In this 
letter mode the capacitor bank can be operated off a 
separate 5 kV, lOA power supply. The vacuum arc switch 
can provide continuous or pulsed power, while the in
verter is capable of furnishing a sinusoidal current 
at frequencies up to 10 kilohertz. 

The vacuum equipment provides for testing in an eva~
uated environment if required, and the test equipment 
provides full instrumentation capabilities. 

STATE OF DEVILOfHENI 

The facility is currently being used to provide 10 
kilowatts of power for continuous testing of the in
verter circuit described in the preceding section, 
and can provide up to 325 kilowatts for a two minute 
period. A power expansion up to 1.25 megawatts is 

planned by March 1, 1977, with further development 
to the 2.5 megawatt level by September, 1977. 

Control of the charge and discharge cycles is now 
manual, the construction of the Battery Charging Con
trol and Monitoring Subsystem and System Controller 
Subsyste~ having just begun. It is anticipated this 
construction will keep pace with the construction of 
the remainder of the facility. 

APPLICATIONS 

As implied by the preceding sections, this test facil 
ity is intended to provide a broad capability for tes 
ing high power devices in several modes. At present 
testing is beginning on a high power inverterl and 
duration testing of a vacuum arc switch is planned to 
begin in the near future. 

1. 

2. 

3. 

4. 

s. 

6. 
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